Abstract Triple-negative breast cancers have unfavorable outcomes due to their inherent aggressive behavior and lack of targeted therapies. Breast cancers occurring in BRCA1 mutation carriers are mostly triple-negative and harbor homologous recombination deficiency, sensitizing them to inhibition of a second DNA damage repair pathway by, e.g., PARP inhibitors. Unfortunately, resistance against PARP inhibitors in BRCA1-deficient cancers is common and sensitivity is limited in BRCA1-proficient breast cancers. RK-33, an inhibitor of the RNA helicase DDX3, was previously demonstrated to impede non-homologous endjoining repair of DNA breaks. Consequently, we evaluated DDX3 as a therapeutic target in BRCA pro-and deficient breast cancers and assessed whether DDX3 inhibition could sensitize cells to PARP inhibition. High DDX3 expression was identified by immunohistochemistry in breast cancer samples of 24% of BRCA1 (p = 0.337) and 21% of BRCA2 mutation carriers (p = 0.624), as compared to 30% of sporadic breast cancer samples. The sensitivity to the DDX3 inhibitor RK-33 was similar in BRCA1 pro-and deficient breast cancer cell lines, with IC50 values in the low micromolar range (2.8-6.6 lM). A synergistic interaction was observed for combination treatment with RK-33 and the PARP inhibitor olaparib in BRCA1-proficient breast cancer, with the mean combination index ranging from 0.59 to 0.62. Overall, we conclude that BRCA proand deficient breast cancers have a similar dependency upon DDX3. DDX3 inhibition by RK-33 synergizes with PARP inhibitor treatment, especially in breast cancers with a BRCA1-proficient background.
Introduction
Increased genomic instability is one of the underlying hallmarks of cancer [1] . Cancer cells often acquire a deficiency in one of the DNA damage repair (DDR) pathways, to allow continued proliferation in the presence of genetic aberrations. This leads to a greater dependency on the remaining pathways to deal with endogenous and exogenous DNA damage [2, 3] , which is the principle behind synthetic lethality of pharmacologic PARP inhibition in cancers with a BRCA1/BRCA2 mutation.
Women harboring a germline mutation in the BRCA1 or BRCA2 genes are at high risk of developing breast cancer, due to a deficiency in a DNA double-strand break (DSB) repair mechanism, homologous recombination (HR) [4] . BRCA1-related breast cancers are mostly estrogen receptor, progesterone receptor and HER2/neu negative (triple negative; TN) [5] . Patients with TN breast cancer (TNBC) have an unfavorable prognosis, due to the inherent aggressive behavior of this molecular subtype and the lack of targeted therapies [6] . PARP inhibitors, such as olaparib, inhibit base excision repair (BER), a single-strand break (SSB) repair mechanism, and have shown great promise in the treatment of tumors with a BRCA1 or BRCA2 mutation. However, a significant proportion of these patients show primary resistance [7] . Although only 5-10% of TNBC occurs in patients with a germline BRCA1 mutation, BRCA-proficient TNBCs are also characterized by impairments of DDR pathways. However, the effect of PARP inhibitors as a monotherapy in this group of patients is limited [8] . Therefore, development of new treatment strategies-specifically targeting BRCA1-related-and TNBC is urgently required.
DDX3, also known as DDX3X, is DEAD box RNA helicase that has been associated with several cytosolic steps of mRNA processing [9] and plays an oncogenic role in the development of breast [10] and several other types of cancer [11] [12] [13] [14] . DDX3 was found to have anti-apoptotic properties [15] and to stimulate cell cycle progression [11, 12] , migration [10] and invasion [16] . In addition, DDX3 was shown to be upregulated in TNBC [17] . RK-33 was developed as a small molecule inhibitor of DDX3 and showed promising preclinical activity as a radiosensitizer in models of lung [11] and prostate cancer [14] . Interestingly, the radiosensitizing capacities of RK-33 were attributed to inhibition of non-homologous end joining (NHEJ), a second DNA DSB repair mechanism. Inhibition of NHEJ makes RK-33 an interesting candidate for the treatment of BRCA1-related breast cancer and TNBC. Given their preexisting DDR deficiency, we hypothesized that BRCA-deficient breast cancers might be dependent on DDX3 and therefore sensitive to DDX3 inhibition with RK-33. In addition, DDX3 inhibition could potentially sensitize cells to PARP inhibition. This study therefore focused on evaluating DDX3 as a therapeutic target in BRCA pro-and deficient breast cancer and assesses whether there is a potential synergistic interaction between DDX3 inhibition and PARP inhibition.
Materials and methods

Patient samples
Archived formalin-fixed paraffin-embedded breast cancer samples from 103 germline BRCA1 mutation carriers and 29 germline BRCA2 mutation carriers were previously processed into a tissue microarray (TMA) and compared against a TMA with 265 consecutive breast cancer cases not known to bear mutations in these genes (further denoted ''sporadic'') [18] . All patients in the hereditary group had been referred to the clinical genetics department of one of the three academic hospitals in the Netherlands (VUMC, UMC Utrecht and UMC Groningen) and tissue was retrieved from the pathology departments of these hospitals or of local surrounding hospitals. All TMAs included multiple cores per patient. As we used anonymous archival leftover pathology material, no ethical approval or informed consent is required according to Dutch legislation [19] , as this use of redundant tissue for research purposes is part of the standard treatment agreement with patients in our hospitals [20] .
Immunohistochemistry
Four-lm-thick sections were deparaffinized in xylene and rehydrated in decreasing ethanol dilutions. Endogenous peroxidase activity was blocked with 1.5% hydrogen peroxide buffer for 15 min and was followed by antigen retrieval by boiling for 20 min in 10 mM citrate buffer (pH 6.0). Slides were subsequently incubated for 1 h with anti-DDX3 (1:1000, pAb r647 [21] ), followed by poly-HRPanti-mouse/rabbit/rat IgG (BrightVision, Immunologic, Duiven, the Netherlands) as a secondary antibody for 30 min. Peroxidase activity was developed with diaminobenzidine. The slides were lightly counterstained with hematoxylin and mounted. Appropriate positive and negative controls were used throughout.
Scoring was performed by consensus of two observers. Cytoplasmic DDX3 expression was fairly homogeneous, but the intensity varied and was therefore scored semiquantitatively as absent (0), low (1), moderate (2) or strong (3). Cases with score 0-2 were classified as having low DDX3 expression and evaluated against cases with strong expression as before [17] .
Statistics
DDX3 expression and other clinicopathological characteristics were compared between tumors in patients with a germline mutation in BRCA1 or BRCA2 versus sporadic breast cancers. Discrete variables were compared by Chisquare or Fisher's exact test. Student's t test and MannWhitney U tests were calculated for normally and nonnormally distributed variables, respectively. Multivariate analysis was performed by including all factors significantly associated with both DDX3 expression and BRCA mutation status in a logistic regression model. Effect modifiers were identified by including multiplicative interaction terms into the model. P values smaller than 0.05 were considered statistically significant. All statistical analyses were performed with R version 3.2.0.
Immunoblotting
All cells were harvested at 50-70% confluency. Cells were lysed in SDS extraction buffer and sonicated on ice. 30 lg protein was loaded on SDS-PAGE gels for gel electrophoresis. The blots were probed overnight with primary antibodies against DDX3 (1:1000, mAb AO196) [21] , bactin (1:10000, A5441, Sigma-Aldrich), followed by appropriate secondary antibodies, development with ECL (Bio-Rad, Hercules, CA, USA) and imaging with a G:BOX Chemi XR5 (Syngene, Frederick, MD, USA).
Cell viability assay
MCF7 and MDA-MB-231 were purchased from ATCC (ATCC, Manassas, VA, USA). MDA-MB-468, MDA-MB-435, SUM149-PT and HCC1937 were a kind gift of Shyam Sharan (NCI, Frederick, MD, USA). For cell viability assays 1 9 10 3 -3 9 10 3 cells were plated per well in a 96-well plate. The following day RK-33 or DMSO (vehicle control) was added. The number of viable cells was estimated after 72 hours of drug exposure with an MTS assay. For this, the cells were incubated with MTS reagent (CellTiter 96 Aqueous One Solution, Promega, Madison, WI, USA) for 2 h, after which absorbance was measured at 490 nm with a Victor 3 V plate reader (PerkinElmer, Waltham, MA, USA).
Colony-forming assay
Synergy between RK-33 and olaparib was evaluated by colony-forming assays, as this is the most used assay to evaluate PARP inhibitor efficacy [22] . For HCC1937, 2500 cells were plated in 60-mm dishes. For all other cell lines 200-600 cells were plated in 6-well plates and allowed to attach overnight. Cells were treated with RK-33, olaparib or a combination of both, in the IC50 ratio for 24 h, followed by either fresh media or fresh media containing olaparib addition every 4 days. When colonies reached a size of more than 50 cells, they were fixed in methanol with 0.5% crystal violet. Colonies were counted and survival fractions were calculated.
Synergy analysis
Monotherapy and combination therapy curves of multiple independent experiments were modeled with nonlinear mixed-effects modeling, using the mixlow R package [23] . To evaluate dose-response interactions combination indices with 95% confidence intervals were calculated for every fraction affected (Fa) according to the Loewe additivity principle [24] , as formulated in Eq. 1.
C A,x and C B,x are the concentrations of olaparib and RK-33 in combination to achieve fraction affected x. IC x,A and IC x,B are the concentrations of the olaparib and RK-33 alone to achieve the same effect. Synergy was defined as a combination index significantly lower than one.
Results
DDX3 expression in BRCA1-deficient breast cancer patient samples
To assess the dependence on DDX3 in cancer with a DDR deficiency, we evaluated DDX3 expression by immunohistochemistry in breast cancer samples of 103 germline BRCA1 mutation carriers, 29 germline BRCA2 mutation carriers and 265 women with sporadic breast cancer ( Fig. 1 and Table 1 ). Strong cytoplasmic DDX3 expression was observed in 30% of sporadic cases, as compared to 24% of BRCA1 (p = 0.337) and 21% of BRCA2-related cases (p = 0.624), indicating that these mutations do not cause an increase in DDX3 expression levels. We did observe the usual known differences between our sporadic and BRCAdeficient study populations, such as lower age (p \ 0.001) and higher grade (p = 0.014) in both BRCA1-and BRCA2-related cases and higher MAI (p \ 0.001), negative ER A B To exclude that we were not observing a correlation between BRCA1/2 mutation status and DDX3 expression levels due to incidental cancelation bias by another confounding factor, we performed logistic regression with all covariates that were associated with both mutation status and DDX3 expression. The presence of a germline BRCA1 mutation became a borderline significant predictor of 
Equal sensitivity to the DDX3 inhibitor RK-33 in BRCA1 pro-and deficient breast cancer cell lines
In addition, DDX3 levels were evaluated in two cell lines with a BRCA1 mutation (HCC1937 and SUM149-PT) and four BRCA1-proficient cell lines (MCF7, MDA-MB-231, MDA-MB-435 and MDA-MB-468, Fig. 2a ). DDX3 expression was highest in the BRCA1-proficient cell line MDA-MB-468 and lowest in the BRCA1-deficient cell line HCC1937. All other cell lines had similar DDX3 expression levels. Sensitivity to DDX3 inhibition with the small molecule inhibitor RK-33 was evaluated with MTS assays (Fig. 2b) . All IC50 values were in the low micromolar range (2.8-6.6 lM). Of the cell lines with a BRCA1 mutation, an IC50 on the lower end of the spectrum (2.9 lM) was observed for SUM149-PT, whereas HCC1937 had the highest IC50 of all cell lines (6.6 lM). Overall, the DDX3 inhibitor RK-33 had a similar in vitro efficacy in BRCA1 pro-and deficient cell lines.
Synergy between DDX3 inhibition with RK-33 and PARP inhibition with olaparib
Given the effect of RK-33 on DNA repair, we explored whether any synergy could be observed between the DDX3 inhibitor RK-33 and the PARP inhibitor olaparib. Figure 3 shows the effect of combined RK-33 and olaparib treatment as measured by colony-forming assays. The fraction of cells surviving combination therapy was lower than the surviving fraction of monotherapy in all cell lines, except HCC1937 (Fig. 3a) . In order to evaluate whether the cytotoxicity of combined RK-33 and olaparib was more than additive, combination indices were calculated (Fig. 3b) . 
Discussion
This study evaluated the efficacy of DDX3 inhibition, by the small molecule inhibitor RK-33, in BRCA-deficient breast cancer, with inherent impaired HR DNA repair pathway, in comparison with BRCA-proficient breast cancer. RK-33 was previously found to inhibit NHEJ, an additional DSB repair mechanism [11] . Therefore, we hypothesized that BRCA-deficient breast cancer might have an increased dependency on DDX3. However, DDX3 expression levels were similar in breast cancers in BRCA1/ BRCA2 germline mutation carriers and sporadic breast cancers and BRCA1 pro-and deficient breast cancer cell lines were equally sensitive to RK-33 treatment. We therefore concluded that high DDX3 expression is present in BRCA-mutated breast cancers and that they are sensitive to DDX3 inhibition. However, there was no clear indication of increased DDX3 dependency in BRCA cytotoxicity in BRCA1-proficient cell lines and cell lines with mutated BRCA1. Graphs represent mean of independent experiments ± SD deficient, when compared to BRCA-proficient breast cancers. In addition, we evaluated whether DDX3 inhibition with RK-33 could sensitize BRCA pro-and deficient breast cancer cells to PARP inhibition with olaparib. We found a synergistic interaction mainly in BRCA1-proficient cell lines and to a certain extent in BRCA1-deficient cancers.
The mechanism behind the increased sensitivity of BRCA-deficient cancers to PARP inhibition is an area of active investigation and several explanations have been proposed [25] . The most accepted mechanism is that PARP inhibitors impair BER, an SSB repair mechanism. Persistent SSBs are converted to DSBs, which are normally repaired by HR, but remain unrepaired in HR-deficient BRCA1/BRCA2 mutant cells [25] . Our observation that PARP inhibitors synergize with NHEJ inhibition by RK-33 fits a variant of this model. Since HR is restricted to the S and G2 phase of the cell cycle [26] , accumulation of DSBs is likely to also require NHEJ for repair. This could explain the synthetic lethality observed after combination therapy with the PARP inhibitor olaparib and the DDX3 inhibitor RK-33 and previously reported radiosensitizing capacities of RK-33 [11] , since ionizing radiation causes DSB formation as well. Also, it may explain why the dependency on DDX3 is not increased in cells with a BRCA1 mutation. In the absence of an agent that stimulates persistence of SSBs, the DSB production rate may not be high enough to increase the demand for NHEJ as an alternative repair strategy. In addition, the sensitivity of BRCA1-deficient cell lines to PARP inhibition is already very high, making it hard to observe synergy with RK-33 in these cells. A second explanation for PARP inhibitor efficacy in BRCAdeficient tumors is that PARP inhibitors have an activating effect on NHEJ, which is a more error-prone repair pathway than HR [27] . More research on the exact role of DDX3 in different DNA repair pathways is necessary to fully understand the mechanism behind the observed interactions between PARP inhibition and DDX3 inhibition in a BRCA1 pro-or deficient background. Sensitization of primary resistant BRCA-proficient breast cancers to PARP inhibition by RK-33 could be of specific use in the treatment of TNBC, given their aggressive biology and the lack of specific therapeutic targets [6] . Secondary resistance in BRCA1 mutant cancers is mainly due to restoration of HR defects, often by partially restoring BRCA1 functionality [28] . Since RK-33 sensitizes BRCA1-proficient breast cancer cells to PARP inhibition, DDX3 inhibition could also have an application overcoming secondary resistance against PARP inhibitors. There is a risk of causing normal cell toxicity by enhancing the sensitivity of cancer cells to PARP inhibition [29] . Because cancer cells have higher endogenous DNA damage rates and greater DDR deficiency compared to normal cells, there is a potential therapeutic window for combination therapy with RK-33 and a PARP inhibitor. In previous studies, no toxicity was observed after RK-33 used as a monotherapy or in combination with radiotherapy [11] . Future studies are needed to further evaluate the safety and efficacy of this combination regimen.
Overall, DDX3 expression levels are similar in breast cancers in BRCA1/BRCA2 germline mutation carriers and sporadic breast cancers. BRCA1 pro-and deficient breast cancer cell lines were equally sensitive to RK-33 treatment and therefore show similar DDX3 dependency. Interestingly, DDX3 inhibition with RK-33 synergizes with PARP inhibitor treatment in breast cancer cells, especially in a BRCA1-proficient background.
